Interest in genetic improvement of carcass and tenderness traits of beef cattle using genome-based selection (GS) and marker-assisted management programs is increasing. The success of such a program depends on the presence of linkage disequilibrium between the observed markers and the underlying QTL as well as on the relationship between the discovery, validation, and target populations. For molecular breeding values (MBV) predicted for a target population using SNP markers, reliabilities of these MBV can be obtained from validation analyses conducted in an independent population distinct from the discovery set. The objective of this study was to test MBV predicted for carcass and tenderness traits of beef cattle in a Canadian-based validation population that is largely independent of a United States-based discovery set. The discovery data set comprised of genotypes and phenotypes from >2,900 multibreed beef cattle while the validation population consisted of 802 crossbred feeder heifers and steers. A bivariate animal model that fitted actual phenotype and MBV was used for validation analyses. The reliability of MBV was defined as square of the genetic correlation (R 2 g ) that represents the proportion of the additive genetic variance explained by the SNP markers. Several scenarios involving different starting marker panels (384, 3K, 7K, and 50K) and different sets of SNP selected to compute MBV (50, 100, 200, 375, 400, 600, and 800) were investigated. Validation results showed that the most reliable MBV (R 2 g ) were 0.34 for HCW, 0.36 for back fat thickness, 0.28 for rib eye area, 0.30 for marbling score, 0.25 for yield grade, and 0.38 for Warner-Bratzler shear force across the different scenarios explored. The results indicate that smaller SNP panels can be developed for use in genetic improvement of beef carcass and tenderness traits to exploit GS benefits.
INTRODUCTION
Genetic selection programs to improve carcass value of beef cattle have been based on pedigree and carcass information of a sample of progeny through an organized progeny test. As selection candidates are usually relatives of the slaughtered cattle, EBV used for this purpose may have low accuracy. Also, most carcass measurements are taken late in life or after the animal has been harvested leading to increase in generation interval with attendant reduction in selection response (Falconer and Mackay, 1996) . One possible solution to genetic improvement of beef carcass traits is genome-based selection (GS; Meuwissen et al., 2001) , which is currently being applied in livestock (Schefers and Weigel, 2012) .
Success of a genome-based genetic improvement program can be assessed by reliability of molecular breeding values (MBV) predicted from an independent validation population (Barendse, 2005) . Here, the term of MBV refers to breeding values computed from a number of markers, which nevertheless corresponds to the concept of genome-estimated breeding value when these markers cover the whole genome. Reliability of MBV depends on persistency of linkage disequilibrium (LD) between QTL and markers in both the discovery and validation populations and on the relationship between predicted individuals and the discovery population (Habier et al., 2007) . Consequently, transition from discovery of significantly associated SNP to a viable GS program that is commercially applicable requires validation in independent populations to ensure consistent and repeatable results (Barendse, 2005) .
The objective of this study was to test MBV predicted for carcass and tenderness traits of beef cattle in a Canadian-based validation population that is largely independent of the United States-based discovery set. Several scenarios involving different marker panels and different sets of SNP selected to compute MBV were investigated and compared based on reliability of predictions.
MATERIALS AND METHODS
All management and procedures involving live animals conformed to the guidelines outlined in the Canadian Council on Animal Care (Olfert et al., 1993) .
Discovery Population and Training of SNP Effects
The discovery population was part of the U.S. carcass merit project (CMP) as previously described by Minick et al. (2004) and Thallman et al. (2005) . Phenotypic data and DNA were available for >2,900 animals from the CMP. Igenity (Duluth, GA), then a subsidiary business to Merial Inc. (Duluth, GA), used the CMP Charolais-sired and Brahman-sired cattle population plus CMP cattle sired by Red Angus (Red Angus and Red Angus-cross dams) and Brangus (Brangus and Brangus-cross dams) bulls to construct a discovery population that was used to develop and train precommercial panels for carcass and tenderness traits. Genotyping was completed for all animals in the discovery data set using the Illumina BovineSNP50 BeadChip (Illumina Inc, San Diego, CA).
The team at Igenity developed prediction equations for carcass and tenderness traits of beef cattle using different starting SNP panels (384, 3K, 7K, and 50K) fitted on Bayesian hierarchical models. Briefly, the BayesCpC package was used, in which markers were evaluated and selected in 2 steps (Wu et al., 2012a) . First, a number of markers were selected based on the posterior model probability computed for each marker in a BayesCπ model. Then, the effects of selected markers only were reestimated using a BayesC model (equivalent to a BayesCπ model with π = 0). The BayesCπ model fits a mixture model similar to BayesB (Meuwissen et al., 2001 ) with the addition of the estimation of the proportion of uninformative loci in the model (π) and the assumption of a common variance for all loci with nonzero effects rather than individual locus variance (Habier et al., 2011) . Hence, a BayesC model (with π = 0) postulates that all these selected loci have nonzero effects on the trait. The phenotype fitted in the models for training were either raw phenotype, adjusted phenotype (i.e., phenotype adjusted for known systematic and contemporary group effects that affects individual animal record), or EBV estimated from an animal model after accounting for systematic and contemporary group effects as well as random animal effects.
Depending on the size of the starting Igenity panel used, different subsets of selected SNP (50, 100, 200, 375, 400, 600, and 800) from the prediction equations developed above were used to compute MBV. For the 3K panel, only selected subsets of 50, 100, 400, and 800 SNP were provided to us while the 375 set of SNP was analyzed for the 384 marker panel. Selection of SNP and estimation of SNP effects were conducted by parallel Markov chain Monte Carlo (i.e., multiple chains) computing of the Bayesian hierarchical models (Wu et al., 2012b) in the University of Wisconsin HTCondor cluster (HT Condor Version 8.0.6 Manual, Madison, WI) implemented by the BayesCpC package. Given a specific set of SNP from the kth validation candidate, the MBV k was computed as
in which W ik and i ĝ are the recoded genotype (0, 1, 2) and the estimated SNP effect at the ith locus, respectively, and m is the total number of selected SNP markers. The resulting MBV predictions were then used as the validation data set for carcass and tenderness traits in this study.
Validation Population and Management
The validation population consisted of 802 crossbred feeder heifers and steers that originated from 3 spring calving beef cattle herds located throughout Alberta, Canada, namely, Lacombe Research Centre, Lacombe, and 2 commercial cow-calf herds. A 2-or 3-way crossbreeding system that involves the following bull breeds, Aberdeen Angus, Red Angus, Hereford, Charolais, and Beefbooster terminal composite bulls (predominantly Charolais based with infusion of Holstein, Maine Anjou, and Chianina; http://www.beefbooster.com), was used to produce the validation animals. More details on breeding and management in the contributing herds have been previously described by MacNeil and Newman (1994) and Basarab et al. (2007) . The feeder heifers and steers from the 3 herds were part of the Phenomic Gap (McKeown et al., 2013) project initiated in 2008 primarily to generate phenotypic and genotypic information needed to validate genome wide selection method and to help address the issue of lack of data for traits that are difficult to measure in the Canadian beef cattle industry.
Data Collection and Sire Identification
Upon completion of the feed intake test, animals were placed in traditional feedlot pens for finishing to a constant back fat thickness (BFT) as determined by real-time ultrasound taken with an Aloka 500V diagnostic with a 17 cm 3.5 MHz linear array transducer (Overseas Monitor Corporation Ltd., Richmond, BC, Canada) by a certified ultrasound technician using procedures described by Brethour (1992) . At an average slaughter age of 464 d, animals were stunned, exsanguinated, and dressed in accordance with the Canadian Council on Animal Care guidelines (Olfert et al., 1993) . Each carcass was split and chilled for 48 h and the carcass sides were weighed. Left carcass sides were ribbed at the Canadian grade site and the following data were collected: top, middle, and grade fat thickness, longissimus thoracic area, marbling score (MBS), lean meat yield, lean color, yield grade (YG), and quality grade. The left longissimus muscle (striploin; longissimus lumborum) was removed, vacuum packed, and then chilled at 2°C. The muscles were transported by refrigerated truck to the Lacombe Research Centre the same day. The next day (d 3 from slaughter), following pH and temperature determination in the posterior end of the muscle, 4 steaks each of 25 mm thick were fabricated from the anterior portion of the muscle for shear force determination after 3 and 29 d of aging. The remainders of the muscle were polybagged and returned to the cooler until 29 d. To calculate shear force, six 19-mm diameter cores per cooked steak were removed parallel to the fiber grain and peak shear force determined on each core perpendicular to the fiber grain. Full peak profiles were recorded. Maximum shear force was calculated as the average of the 6 cores and the standard deviation among cores was also calculated.
Blood samples were collected from all animals by jugular venipuncture on the first day of feed intake test and also from the potential sires of these animals for DNA extraction. Samples were collected into evacuated tubes containing EDTA (Vacutainer; Beckton Dickinson and Co., Franklin Lakes, NJ) and refrigerated at 4°C until DNA extraction using the Qiagen DNeasy 96 blood and tissue kit (Qiagen Sciences, Germantown, MD). Scoring of marker genotypes was performed using Illumina BovineSNP50 BeadChip (Illumina Inc, San Diego, CA) and was completed at Delta Genomics, Edmonton, AB, Canada, under a service contract. For a few animals in the validation set with missing sire information, parentage determination was performed using all 50K SNP. Genotypes at a particular locus were filtered from further analysis based on selection criteria of at least 95% animal call rate and 0.1 minor allele frequency resulting in a total of 42,437 SNP used for parentage analysis. Sireprogeny calls were made by comparing the number of Mendelian inconsistencies among the animals and their potential sires. For any locus, a mismatch was flagged if neither allele for one animal matches either allele for the other animal. The average number of SNP mismatches for sire-progeny calls was less than 100. Only animals with complete sire information were included in the validation analyses. The resulting pedigree record consisted of 1,554 individuals including 57 sires, 695 dams, and 802 progeny with records.
Trait Definition and Derivations
The traits studied included HCW in kilograms, BFT in millimeters, rib eye area (REA) in square centimeters, MBS, YG, and Warner-Bratzler shear force in kilograms taken at d 3 (WBSF-3) and d 29 (WBSF-29) from slaughter as well as difference between d 3 and d 29 shear force measurements (WBSF-D). Procedures for measuring these traits have been described above.
Validation Method and Statistical Analysis
The square of additive genetic correlation (R 2 g ) from a bivariate animal model estimated with REML was the reliability of MBV predictions for validation analysis (Thallman et al., 2009) 
in which t1 and t2 are vectors of observed data and MBV, respectively; β t1 and β t2 are vectors of fixed effects including dam age, sire breed, slaughter age, age at end of test, and contemporary group (same sex, herd of origin, birth year, and management) as appropriate for the observed data and essentially the mean for MBV, respectively; u t1 and u t2 are additive genetic components of observed data and MBV, respectively; e t1 and e t2 are residuals of observed data and MBV, respectively; and X t1 , X t2 , Z t1 , and Z t2 are design matrices for fixed and random effects, respectively. The delta method (Oehlert, 1992) was used to approximate the SE of the reliability by multiplying the SE of the genetic correlation by twice the absolute value of the genetic correlation. The heritability of the MBV are expected to be very close to 1 if a strictly additive model was assumed (Thallman et al., 2009 ) and this was used as an indicator of bias.
Each combination of the different training and SNP selection methods were investigated and compared based on reliability of the MBV predictions. The reliability was also taken as the proportion of additive genetic variation in the trait accounted for by sets of selected SNP panels. All analyses were coded in R statistical software developed by Ihaka and Gentleman (1996) and estimation of variance components was performed using the ASReml package (Gilmour et al., 2009) .
RESULTS AND DISCUSSION
Mean performance and heritability for the studied traits in the validation population are summarized in Table 1 . Phenotypic performance across traits on average were similar to previous reports (Crews and Kemp, 2001; Crews et al., 2004) . Furthermore, the heritability estimates for the studied traits in the validation population were consistent with previous findings (for a review, see Rios Utrera and Van Vleck, 2004). 3 h 2 MBV = the heritability of the most reliable MBV.
Reliability of Molecular Breeding Values
The reliabilities of MBV for carcass and tenderness traits of beef cattle are summarized in Tables 2 through  5 The most reliable MBV predictions observed for the studied traits corroborates the results from previous studies (MacNeil et al., 2010; Weber et al., 2012; Bolormaa et al., 2013) . For example, Weber et al. (2012) reported reliabilities of 0.12 for HCW, 0.40 for REA, and 0.42 for MBS across all validation populations used. The method used by Weber et al. (2012) involved training on 50K SNP and the discovery and validation populations were closely related. This implies that many of the selected SNP tested in the present study can be used for constructing smaller SNP panels for genetic improvement of carcass and tenderness traits of beef cattle. This small panel can be used to generate MBV early in life of young bulls for selection purpose and early breeding, thus reducing both generation intervals and the cost of keeping young bulls until their relatives are evaluated for carcass traits. In addition, selected SNP with moderately reliable MBV predictions can be blended with current genetic evaluation systems to improve reliability of selection methods (Thallman, 2004; Schefers and Weigel, 2012) .
Until now, most validation of MBV for important traits in cattle have been performed by dividing the data set into discovery and validation groups (VanRaden et al., 2009; Hayes et al., 2009) or by cross-validation where the same data set is used to create a validation group (Saatchi et al., 2011; Bolormaa et al., 2011 Bolormaa et al., , 2013 . Consequently, the discovery and validation population are not completely independent resulting in moderate to high reliabilities. In the present study, prediction equations were developed using a United States-based discovery population that is largely independent of the Canadian validation group. Although there might be possible genetic ties between the 2 populations in the distant past, this is likely to be very small. Habier et al. (2007) and Akanno et al. (2014) have shown by simulation that the number of generations separating a discovery and validation data set influences reliability of predictions, with lower reliabilities occurring when this relationship is more distant. In addition, the use of a multisire mating system in beef cattle breeding programs and the existence of a limited number of half-sibs may create further divergence between the discovery and validation groups. This could explain the low to moderate reliability of MBV observed.
Furthermore, the United States-based discovery population was largely sired by Charolais, Brahman, Red Angus, and Brangus cattle breeds whereas the validation population was sired by Aberdeen Angus, Hereford, Charolais, and the Beefbooster composite strain. Inconsistency in breed representation across the 2 populations can create differences in breed specific LD between markers and QTL leading to a reduction in MBV reliability. Toosi et al. (2010) have shown by simulation that reduction in within-breed reliability of MBV trained in ad- Table 5 . Reliability 1 of molecular breeding values (MBV) for Warner-Bratzler shear force and carcass traits where the SNP used to compute MBV were selected from 50K panel using BayesCpC to estimate marker effects on the adjusted phenotype and EBV, respectively, in the United States-based discovery population mixed breeds is dependent on the breed proportion in the training population and the time since breed divergence. Because the size of the validation data set available for this study may not be ideal for partitioning additive from residual components of variation, some estimates of the proportion of additive variation explained by the MBV had large SE. The SE is partly a function of how well the additive genetic variances of both the observed traits and the MBV can be partitioned from the residual variances. This is highly dependent on data and pedigree structure. If we can assume that the MBV is a true breeding value based on purely additive genetic model, then the heritability of the MBV should be very close to 1 (Thallman et al., 2009 ) and the residual variance may be due to laboratory (including missing genotypes), pedigree, sample identification, and independent errors. Nonetheless, we admit the possibility that the MBV could be contaminated with nonadditive genetic components while training the marker effects in a crossbred population. This could explain the downward reduction of the estimate of MBV heritability reported.
Starting Marker Panel and SNP Selection
A number of authors have demonstrated that within a discovery population, the reliability of genomic predictions depends on the size of the training data set, the heritability of the trait, the density of the genetic markers, the statistical method, and the effective population size of the target population (Meuwissen et al., 2001; Muir, 2007; Goddard, 2009; Akanno et al., 2014) . Tables 2 through 5 showed the impact of using different starting marker panels on the reliability of MBV computed from a set of selected SNP. The most reliable MBV observed across studied traits and record type averaged 0.11 for the 384 marker panel (Table 2) , 0.17 for the 3K panel (Table 3) , 0.18 for the 7K panel (Table 4) , and 0.16 for the 50K panel (Table  5 ). Increasing the density of the starting marker panel improved the overall reliability of MBV computed from selected SNP. For the number of SNP selected to compute MBV, using 100 and 200 SNP gave the most reliable MBV 31% of the time, respectively, when the starting panel was 384 SNP (Table 2) , while for the 3K starting panel, using 50 and 400 SNP to compute MBV gave the most reliable MBV 31 and 36% of the time, respectively (Table 3) . For the 7K starting panel, 50 and 100 SNP gave the most reliable MBV 25% of the time, respectively (Table 4) , while for the 50K starting panel, 400 and 600 SNP gave the most reliable MBV 19% of the time, respectively (Table 5) .
This study was designed to test the validity of currently available commercial SNP panels as baselines for developing smaller panels for genetic improvement of carcass traits of beef cattle. While the cost of genotyping for a high density marker panel is expected to decrease in the future (Simianer, 2009) , it still may be too costly to justify widespread genotyping in beef cattle populations, especially commercially. Our results have shown that increasing the density of the starting marker panel for finding useful SNP that can be used for developing smaller panels may point in the direction of improved reliability of selection methods. From 50 to 600 SNP can be used to develop small panels with the potential to produce moderately reliable MBV for carcass and tenderness traits of beef cattle; however, there may be need to lower the threshold for SNP selection to include more SNP in the new panel, thus capturing SNP that may be very close to known candidate genes. In situations where the discovery population is largely independent of the target population, denser marker panels may be warranted to ensure preservation of marker-QTL phase across populations (de Roos et al., 2009) .
It is probable that for the 50K bovine SNP chip, only a subset of markers are useful for genomic predictions of carcass and tenderness traits, and inclusion of additional SNP may increase noise without a substantial change in reliability. This has been demonstrated in some studies (Luan et al., 2009; Habier et al., 2009; Kizilkaya et al., 2010) in which smaller subsets of markers have achieved reliability equivalent to those with larger sets.
Molecular Breeding Values Derived from Raw Phenotypes, Adjusted Phenotypes, and EBV
The impact of using raw phenotypes, adjusted phenotypes, and EBV for estimating SNP effects on the reliability of MBV predictions were investigated (Tables 2 through  5) . Where raw or adjusted data were used as phenotype for training, the results of MBV reliability for the best approach were presented throughout Tables 2 through 5 and were compared to using EBV as phenotype. For the 384 starting marker panel, MBV derived from raw phenotypes gave the most reliability of 0.09 compared to 0.14 for EBV, on average (Table 2) , while for 3K, the most reliable MBV was 0.19 when raw phenotype was used compared to 0.14 for EBV (Table 3) , on average. Using adjusted phenotype to train SNP effects on the 7K panel gave the most reliability of 0.13 compared to 0.24 for EBV, on average (Table  4) , while using adjusted phenotype on the 50K panel gave the most reliability of 0.17 compared to 0.14 for EBV, on average (Table 5) . Increasing the density of the starting marker panel improves the reliability of MBV when using raw or adjusted phenotype for training but decreases slightly the reliability of MBV when using EBV.
The appropriate phenotype required for training SNP marker effects is an ongoing debate in the scientific literature (Garrick et al., 2009; Weber et al., 2012) . One such approach is the use of adjusted phenotype, which involves adjusting observations for systematic effects and population stratification. Alternatively, EBV can be used, which adjust observations for systematic effects as well as differences between animal effects, and thus they may yield biased estimates of SNP effects in beef cattle populations where differences in breed composition and parent average can influence EBV values. Consequently, Garrick et al. (2009) provided a methodology for improving the use of EBV for genomic predictions by a combination of deregression (akin to dividing by EBV reliability) and adjusting for parent average. The present study has shown that in choosing the appropriate phenotype for training SNP effects, considerations should include the density of the marker panel to be used and the trait architecture, if high reliability of genomic predictions are desired. Using a 50K SNP panel may require training on adjusted phenotype because the marker density is large enough to account for polygenic effects. However, training on a lower density panel may require phenotypes with less noise such as EBV or deregressed EBV.
Conclusion
There is considerable potential for the utility of GS methods in genetic improvement of carcass and tenderness traits of beef cattle with >0.2 reliability of MBV observed for some panels and traits. Smaller SNP panels can be developed from currently available commercial panels for implementation of GS in beef cattle breeding programs. This will make it possible to generate MBV for carcass and tenderness traits in young bulls at an early age for selection and breeding, thus reducing both generation interval and the cost of keeping young bulls until their relatives are evaluated.
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